Radionuclides in the environment are one of the major concerns to human health and ecotoxicology. The explosion at the Chernobyl nuclear power plant renewed interest in the role played by fungi in mediating radionuclide movement in ecosystems. As a result of these studies, our knowledge of the importance of fungi, especially in their mycorrhizal habit, in long-term accumulation of radionuclides, transfer up the food chain and regulation of accumulation by their host plants was increased. Micro-fungi have been found to be highly resilient to exposure to ionizing radiation, with fungi having been isolated from within and around the Chernobyl plant. Radioresistance of some fungal species has been linked to the presence of melanin, which has been shown to have emerging properties of acting as an energy transporter for metabolism and has been implicated in enhancing hyphal growth and directed growth of sensitized hyphae towards sources of radiation. Using this recently acquired knowledge, we may be in a better position to suggest the use of fungi in bioremediation of radioactively contaminated sites and cleanup of industrial effluent.
Introduction
Radionuclide contamination has become a part of our environment in the form of fallout from nuclear weapons, waste from nuclear energy-generating industries and from medical uses of radioisotopes. Fungi play a major role in providing ecosystem services in terrestrial ecosystems (Dighton, 2003) and it is in these systems that their interaction with radionuclides has been most studied. The International Commission on Radiological Protection recommendations on the ecological aspects of radionuclide release (Coughtree, 1983) , highlighted the importance of organic soil horizons and their microbial communities (fungi and bacteria) as potential accumulators of nutrient elements and radionuclides within terrestrial ecosystems (Heal & Horrill, 1983) .
Radionuclide accumulation and movement in organic horizons of forest soils may be related to fungal biomass (Osburn, 1967) and where fungal activity is the pivotal regulator in the interaction between ecosystem components (Avila & Moberg, 1999; Fig. 1) . Steinera et al. (2002) state that 'Fungi are one of the most important components of forest ecosystems, since they determine to a large extent the fate and transport processes of radionuclides . . .'. The potential for macro-fruitbodies of higher fungi to hyperaccumulate radionuclides and heavy metals has led to suggestions that they may be agents for bioremediation (Gray, 1998) . Despite nearly 50 years of investigation of interactions between radionuclides and fungi, there is still need for greater understanding of the nature of these interactions, particularly from a molecular standpoint and from the point of view of using fungal and plant-fungal interactions in remediation of polluted systems (Zhdanova et al., 2005b) .
Fungal immobilization of radionuclides
Saprotrophic fungi present an enormous surface area of hyphae to their surrounding environment, fitting them for absorbing nutrient elements and radionuclides from the environment. Microbial immobilization of radionuclides from decomposing leaf litter and cellophane accumulated almost three times the amount of radiocesium than sterile equivalents (Witkamp & Barzansky, 1968) . Measurement of radiocesium incorporation into the fungus Trichoderma viride from plant litters showed that the concentration factor in fungi (ratio of radionuclide concentration in the fungus to the concentration in the resource) decreased as the leaf litters aged (2.36, 0.46 and 0.23 for litters of 4, 16 and 48 months of age) (Witkamp, 1968) . The highest concentration factor (4.31) was found from freshly fallen wood. This provided basic evidence to suggest that fungi could mineralize radionuclides from these resources and translocate them from the resource into their own biomass, thus pointing to the potential significance of fungi in regulating movement of radionuclides in the environment. In general, it is thought that accumulation of radionuclide elements follows that of nonradioactive elements. However, with the discovery of isotope discrimination for a number of elements by a range of organisms, this may not hold true. The ability of an organism to distinguish between isotopes has led to new fields of ecology enabling nutrient cycling to be more precise in identifying the source of nutrient acquired from mixed sources (Henn & Chapela, 2001; Ruess et al., 2004; Trudell et al., 2004; Hobbie, 2005) .
Soil saprotrophic micro-fungi grow into and decompose carbon based radioactive debris from the Chernobyl reactor (Zhdanova et al., 1991) . Cladosporium cladosporioides and Penicillium roseopurpureum were shown to overgrow these 'hot particles'( o 1147 Bq of g-activity) and destroy them within 50-150 days. Accumulation of released radionuclide into fungal tissue from intact particles was greater for 152 Eu than 137 Cs, but similar when the particles were ground in to powder. Thus, capacity to acquire radionuclides in these fungi is an interaction between the physical nature of the radioactive source, fungal species and, presumably, their enzymatic potential.
Grassland soil saprotrophic fungi have great potential for uptake and accumulation of radiocesium fallout (Olsen et al., 1990; Dighton et al., 1991) . Assuming an average influx rate of 134 nmol Cs g À1 dry weight of mycelium, and an estimate of hyphal biomass of 6 g dry weight m À2 of soil, the fungal community of upland grass ecosystems in northern England would be able to take up between 350 and 804 nmol Cs m À1 h À1 of hyphae Dighton & Terry, 1996) from micromolar concentrations in pore water (Oughton, 1989) . Once incorporated into microbial (fungal and bacterial) biomass, a large percentage of the radionuclide loading of organic soils is resistant to leaching, with 40-80% of radiocaesium being retained, in comparison to the rate of loss leaching from irradiated (Guillette et al., 1994) or autoclaved soils (Sanches et al., 2000) . In contrast, in sandy mineral soils where microbial biomass accumulation is low, only an additional 0.005% of 137 Cs is extracted from these soils by sterilization (Cawse, 1983) , indicative of ion exchange but not microbial immobilization. Radiocesium immobilization into the abundant fungal mycelial biomass of the Ah (O, upper organic) layer of spruce forests causes retention and accumulation in upper soil horizons and reduced leaching loss (Rommelt et al., 1990; Guillette et al., 1990; Drissner et al., 1998; Baeza et al., 2002) , where fungi compete for Cs 1 more strongly than plants by 10-150 times (Avery, 1996) .
In addition to incorporation of radionuclides into cytoplasm by potassium replacement, the fungal cell wall has high adsorptive capacity in ion-exchange sites. Dead mycelia (cell walls) made into filters have been used to adsorb heavy metals and radionuclides from industrial effluents (Tobin et al., 1984; Singleton & Tobin, 1996) . Potassium replacement is species specific with suggestions that Rb and Cs replace K in the filamentous fungus Fusarium solani (Das, 1991) , but only Rb, not Li, Na or Cs could replace K in the yeast Candida utilis (Aiking & Tempest, 1977) . Strontium behaves similarly to calcium in biological systems. The wood decay fungus, Resinicium bicolor, can absorb strontium from strontianite sand and redeposit it in calcium oxalate crystals after translocation through mycelial cords (Connolly et al., 1998) , thus altering the availability of strontium to other organisms.
Immobilization of radionuclides by fungi is species dependent. Bio-sorption of radiothorium is higher in Rhizopus arrhizus, and Aspergillus niger than Penicilium italicum and Penicilium acrysogenum (White & Gadd, 1990) and Alternaria alternata has a greater uptake capacity than Aspergillus pulverulens or Fusarium verticilloides for both 60 Co and 137 Cs (Mahmoud, 2004) . There also appears to be a significant difference in Cs-uptake capacity between species of both mycorrhizal and saprotrophic basidiomycetes . As a result, it is often difficult to generalize on the efficiency of fungi per se of radionuclide immobilization.
Accumulation of 90 Sr by conidia or mycelium by a range of micro-fungal species is greater in pigmented than in unpigmented species (Zhdanova et al., 1990 Melanin has been shown to account for between 45% and 60% of 60 Co and 137 Cs incorporation into fungal hyphae (Mahmoud, 2004) .
Macro-fungi are known to translocate materials within the fungal body, within their hyphae or in specialized conductive rhizomporphs. Translocation of 14 C and 32 P through hyphal systems of Rhizopus, Trichoderma and Stemphylium is by diffusion (Olsson & Jennings, 1991) , and the direction of flow influenced by source-sink relations (Olsson, 1995) . Absorption of phosphorus by rhizomorphs of Phallus impudicus and Mutinus canninus consisted of two transport systems, one being cytoplasmic and the other through cell walls (Jennings, 1990) . In contrast to the diffusion of C and P, translocation of 137 Cs through hyphae of Armillaria spp. and Schizophyllum commune has been shown to be slower than that predicted by a diffusion model, suggesting a possible mechanism for accumulation (Gray et al., 1995 (Gray et al., , 1996 . Preferential movement of radiocesium and radiostrontium to the nutrient sinks of developing basidiomycete fruitbodies has been demonstrated (Gray et al., 1996; Baeza et al., 2002) . Change in the chemical form of radiostrontium from its site of acquisition as strontianite sand and redeposition elsewhere as calcium oxalate crystals after translocation through mycelial cords has been shown in the wood decay fungus Resinicium bicolo (Connolly et al., 1998) . This suggests that fungi not only have the ability to spatially redistribute materials, but can alter the chemical form in which they are released to the environment, thus altering potential availability to other organisms.
Many ectomycorrhizal symbioses occur in association with basidiomycete fungi. These produce relatively large fruiting structures (mushrooms) as well as extensive belowground mycelia. Thus, in addition to accumulation of radionuclides in below-ground mycelia, translocation to, and hyper-accumulation of radionuclides in mushrooms has been shown. High levels of accumulation of radionuclides in mushrooms have been recorded many times, especially following the Chernobyl accident (Table 1) (Haselwandter, 1978; IJpelaar, 1980; Eckl et al., 1986; Elstner et al., 1987; Guillette et al., 1987 Guillette et al., , 1994 Byrne, 1988; Dighton & Horrill, 1988; Haselwandter et al., 1988; Horyna & Randa, 1988; Oolbekkink & Kuyper, 1989; Muramatsu et al., 1991; Watling et al., 1993; Haselwandter & Berreck, 1994; Mietelski et al., 1994; Yoshida & Muramatsu, 1994; Grodzinskaya et al., 1995; Malinowska et al., 2006) . Although a variety of radionuclides were released from Chernobyl, most of the surveys relate to the radiocesium content of mushrooms; however, it has been shown that the radionuclides 7 Ce, 226 Ra and 238 U also accumulated in some mushroom species (Haselwandter & Berreck, 1994) . Accumulation into mushroom-forming fungi can be a significant proportion of the radionuclide loading of an ecosystem. A total of 490 Bq kg À1 of radiocesium was accumulated in mycorrhizal and saprotrophic fungi of a Swedish boreal forest in contrast to the 138 Bq kg À1 contained in organic soil horizons, lichens, mosses, ferns and angiosperms combined (Guillette et al., 1994) . The fungal loading represented some 78% of radiocesium in the combined ecosystem components measured. In the years following the Chernobyl explosion, the fungal contribution to the radionuclide body burden of humans Kirchner & Daillant (1998) was shown to have increased from 27% of the dietary consumption in 1986 to up to 76% in 1988 as the quantity of milk and meat in the diet declined (Horyna, 1991 Cs from pre-and post-Chernobyl sources. Using this fingerprint, it was shown that a large proportion (up to 92%) of the 137 Cs accumulated in mushrooms was of preChernobyl origin in the two ectomycorrhizal fungal species Lactarius rufus and Inocybe longicytis (Dighton & Horrill, 1988) . Similar figures of 13-69% of accumulated Cs from pre-Chernobyl sources are reported in other mushroom species (Byrne, 1988; Giovani et al., 1990) . This suggests that fungi could be long-term retainers of radionuclides in the environment. Laboratory liquid culture studies show a wide range of uptake and incorporation rates of radiocesium into fungal mycelia. Three saprotrophic basidiomycetes, Mycena polygramma, Cystoderma amianthinum and Mycena sanguinolenta had the highest rates of accumulation compared with many ectomycorrhizal species . Accumulation varied between about 100 and 250 nmol g À1 dry weight of fungus per hour. However, if the uptake is expressed on a hyphal surface area basis, the ranking of species differs, and the uptake values range from 0.1 to 2.5 nmol m À2 hyphal area per hour. This suggests that acquisition of radionuclides by fungi may be influenced by growth conditions in soil and the consequential foraging strategy of the mycelium (Rayner, 1991; Ritz, 1995) .
Fungal regulation of radionuclide uptake by plants
Mycorrhizal symbioses occur in about 95% of all vascular plant species. In addition to benefits of improved water and nutrient acquisition, defense against root herbivory and root pathogens, mycorrhizae are also able to mediate uptake or radionuclides by plants. Evidence for enhanced uptake of radionuclides by arbuscular mycorrhizae is somewhat conflicting (Haselwandter & Berreck, 1994) . Sweet clover and Sudan grass showed a slight, but statistically insignificant, increase in uptake of 137 Cs and 60 Co by mycorrhizal plants (Rogers & Williams, 1986) , but mycorrhizal Agrostis tenuis by Glomus mosseae significantly decreased the Cs content of shoots (Berreck & Haselwandter, 2001) . Increased competition between K and Cs in soil, by adding K fertilizer, led to further suppression of Cs uptake. Glomus mosseae arbuscular mycorrhizal soybeans significantly increased 90 Sr uptake from soil, but uptake of radiocesium into shoots of mycorrhizal Festuca ovina was reduced (Jackson et al., 1973) . The protective effect of mycorrhizae was also shown in transformed carrot root in association with Glomus mycorrhizae, where uptake of radiocesium was strongly correlated to fungal hyphal length. These mycorrhizal fungal hyphae have a greater uptake capacity than the root, resulting in preferential hyphal accumulation in the fungus rather than in the host plant (de Boulois et al., 2005) . However, in this root culture system, there was no shoot to act as a nutrient sink; thus the conclusions drawn must bear in mind that aspect of plant physiology. This effect is plant-species dependent, as no mycorrhizal enhancement of 134 Cs uptake occurred in clover, Eucalyptus or maize. Instead, mycorrhizae enhanced the uptake of 65 Zn in maize (Joner et al., 2004) . Similarly, mycorrhizae increased 137 Cs uptake by leek, but not by ryegrass (Rosén et al., 2005) . In grasses, there was a similar enhanced translocation of radiocesium into shoots of arbuscular mycorrhizal Festuca ovina, but not into clover (Trifolium repens), as shown by one experiment (Dighton & Terry, 1996) . In contrast, there was a decrease in the Cs translocated to the shoots of Agrostis tenuis in the presence of arbuscular mycorrhizae (Berreck & Haselwandter, 2001) . It is known that the addition of potassium to soil reduces Cs uptake by plants. The Cs concentration in shoots of Agrostis was found to be approximately half in plants grown in soil with amendments of 100 kg ha À1 of potassium to soil, compared with no K addition and this declined to about 30% over the subsequent 6 weeks (Berreck & Haselwandter, 2001) . Thus, the inferences on cesium uptake by plants must be moderated in relation to the potassium supply, which acts as a competing ion. Ericoid mycorrhizal heather plants (Calluna vulgaris) accumulated less radiocesium than nonmycorrhizal plants (Clint & Dighton, 1992) , indicative of the accumulation in fungal components in the root. However, mycorrhizal plants allowed a greater proportion of the Cs to be translocated to shoots compared with nonmycorrhizal plants. A similar 18% higher shoot accumulation of 137 Cs in mycorrhizal heather compared with nonmycorrhizal plants was observed by Strandberg & Johansson (1998) . Elevated levels of radionuclide in roots compared with shoots in mycorrhizal plants, suggests that the mycorrhizal fungi accumulate radiocesium in the fungal tissue in a manner similar to that shown for heavy metals and ectomycorrhizae (Denny & Wilkins, 1987a, b) . This concept has been reviewed in terms of competition between radiocesium and potassium in mycorrhizal Agrostis tenuis symbioses (Berreck & Haselwandter, 2001 ). They showed that mycorrhizal development in plant roots reduced Cs uptake by the plant at moderate nutrient levels in the soil, which suggests that the protective mechanism is due to sequestration of Cs in the extraradical hyphae of the mycorrhizal fungus and a reduced translocation into the host plant. They also demonstrated that, for this fungal plant interaction, there was no benefit of adding potassium to reduce Cs uptake.
Effects of radionuclides on fungi
The influence of ionizing radiation on yeast cells has dominated the literature on effects on the genetics and physiology of fungi. Short term (80 min) exposure of yeast to 50 Gy of X-and g-radiation elicits the up-regulation of genes responsible for DNA repair, cell rescue defense, protein and cell fate and metabolism (Bennett et al., 2001; Game et al., 2005; Kimura et al., 2006) . Both Bennett et al. (2001) and Game et al. (2005) identified genes involved in DNA repair using X-rays to simulate the general effects of ionizing radiation. Game et al. (2005) also shows that the absence of the DOT1 gene, which is important in the production of histone #3 protein and the methylation of lysine-79 reduces effective repair of damaged DNA. The upregulation of specific DNA repair genes were identified using micro-arrays on X-ray (50 Gy) treated yeast (Kimura et al., 2006) .
Studies on filamentous fungi have mainly been in association with food irradiation. Threshold levels of g-irradiation suggest that 1.5-4 kGy is sublethal for hyphal growth, whereas it requires 2.5-5 kGy to effect suppression of spore germination in Aspergillus niger, Aspergillus flavus and Fusarium oxysporum (Attaby et al., 2001) . However, at these doses amyloytic and proteolytic activity of these fungi is reduced. Aflatoxin production by Aspergillus niger, Aspergillus fumigatus, Aspergillus flavus and Penicillium expansum isolated from apples, was increased at 0.5 kGy, but decreased above 1.2 kGy of irradiation (Afifi et al., 2003) .
Ecological studies on fungal communities have been conducted at sites of artificially elevated radiation levels. A total of 41 mycelial fungal species were isolated from soil in the atomic-weapons Nevada Test Site, USA (Durrell & Shields, 1960 À4 -10 000 Gy (Zhdanova et al., 2001 (Zhdanova et al., , 2005a . Examples of the fungal isolates from Chernobyl are shown in Table 2 along with the radiation dose at the site of isolation. During the last 18 years about, 2000 strains of 180 species of 92 genera of fungi have been isolated from around Chernobyl (Zhdanova et al., , 2005b . The richness of fungal species declined with increasing radiation, indicating that the community consists of radio-resistant and susceptible species. Radio-resistant species of Penicillium, Fusarium, Chrysosporium, Scopulariopsis, Hyalodendron, Verticillium, Mucor made up to 70-80% of fungal frequency and Aspergillus versicolor, Aspergillus niger, Hormoconis resinae, C. sphaerospermum, C. herbarum, C. cladosporioides, Alternaria alternata, Aureobasidium pullulans, Penicillium aurantiogriseum, Penicilium spinulosum, Acremonium strictum made up 10-50% of the frequency.
Despite differences in the habitat between sampling sites, there is a trend of change in dominance of fungal species with radiation level (Zhdanova et al., 1990 (Zhdanova et al., , 1991 (Zhdanova et al., , 1994 (Zhdanova et al., , 1995 . Both Chaetomium aureum and Paecilomyces lilacinus are indicators of high levels of radionuclide contamination (3.7 Â 10 6 -3.7 Â 10 8 Bq kg À1 ) of soil in woodland ecosystems, Acremonium strictum and Arthrinium phaeospermum bioindicators at mid level of pollution (3.7 Â 10 3 -3.7 Â 10 5 Bq kg À1 ) and Myrothecium roridum
and Metarhizium anisopliae as bioindicators of low contamination (o 3.7 Â 10 2 Bq kg À1 ).
Intense radiation within the 10 km CHAES alienation zone led to simpler soil fungal communities being dominated by melanized fungal species (Zhdanova et al., 1995) . Melanin may provide a radiological protective mechanism, as seen in the response of lichen fungi to UV light (Durrell & Shields, 1960; Zhdanova et al., 1978; Gauslaa & Solhaug, 2001 ). Many (25%) fungal species from the Nevada Test Site contained melanin or other pigments (Durrell & Shields, 1960) and up to 40% of all fungi isolated from the Chernobyl reactor room also contained melanin or other pigments . These noticeably exceeded the ratio found in other, clean environments. The most frequently occurring pigmented species were Cladosporium sphaerospermum, C. herbarum, Hormoconis resinae, Alternaria alternate and Aureobasidium pullulans. The predominance of melanized fungi suggests that the possession of pigmentation may lead to the evolution of radio-adaptation (Tugay, 2006; Tugay et al., 2006b) . Genetic damage to fungi isolated from the fourth-reactor rooms during 1997-1998 have been revealed in Alternaria alternata and C. sphaerospermum, where their genetic composition is more monotonous than those of their natural populations (Burlakova et al., 2001) . This is taken to suggest that in elevated radioactive conditions, surviving fungal strains have either increased radio-stability or the community composition changes to a reduced species diversity to that of solely resistant species, thus lowering genetic diversity. The search for specific genetic markers connected with increased radio-resistance and, in particular, with genes of resistance is underway (Mironenko et al., 2000) .
When grown under the influence of ionizing radiation, of the 13 fungal strains isolated from sites of contrasting levels of radioactive pollution, nine strains (69%) showed an increase in spore germination in the presence of ionizing radiation from 137 Cs and six strains (46%) exposed to 121 Sn (Tugay et al., 2006a) . Of these, five strains (48%) showed enhanced conidial germination as under exposure to mixed g1b radiation, and five (48%) showed activation under the influence of just one type of radiation. In contrast, fungi isolated from radioactively clean locations did not show radiostimulation of conidial germination.
When exposed to ionizing radiation, hyphal extension rates are enhanced in fungi isolated from radioactively contaminated areas (Tugay et al., 2006a;  Fig. 2 ). The mechanism of this action has been demonstrated in Cryptococcus neoformans to be related to the ability of melanized forms to facilitate electron transfer to elicit coupled oxidation of NADPH and reduction of ferricyanide (Dadachova et al., 2007) .
Observations of fungi growing over and decomposing radioactive 'hot' particles (Zhdanova, 1991) , indicated the presence of preferential growth of some fungal species towards the particle (radiotropism) as a response to radiation alone (Zhdanova et al., 1994; Vember et al., 1999; Tugay et al., 2003 Tugay et al., , 2004 Tugay et al., , 2005 Tugay, 2006) . By exposing fungal hyphae to collimated beams of ionizing radioactive emissions from 32 P (b emissions) and 109 Cd (g emissions) at c. 2 Â 10 8 Bq, the directional growth of hyphae emerging from conidiospores was followed (Zhdanova et al., 2004) . Of the 27 fungal/radiation interactions, 18 (66.7%) showed positive stimulation of growth towards the radiation source (low mean return angle) and eight showed no response. Of the fungal species isolated from radioactively contaminated sites, 86% of the interactions showed positive directional growth to the radiation beam, whereas few from less contaminated areas showed a response. In this study, directed growth occurred in the absence of any chemical influence of the radioactive source, because the source was physically separated from the fungal culture; fungi are influenced solely by clean b and g emissions. An example of the data for Penicillium species is shown in Fig. 3 . The underlying mechanisms of this directed growth are, as yet, not fully known. There are suggestions that that the fungal hyphae are able to use the energy for metabolism (Dadachova et al., 2007) although other physiological responses cannot be discounted. A survey of directional growth attributes of fungal isolates in relation to radiation levels at the source of isolation shows a hormetic response (Calabrese & Baldwin, 2000; Pelevina et al., 2003; Petin et al., 2003) where directional growth is maximal at moderate irradiation levels and is lowest at no or high levels at the site of isolation (Dighton et al., 2008) . Although hormetic responses to radiation have been shown in a number of organisms (Calabrese & Baldwin, 2000) , its existence and importance is still subject to debate. Melanin or other natural quinine pigments in the fungal cell wall may act as the radiation receptor for this response. Melanin has the capacity to change biochemical pathways in fungal cells when exposed to UV light and radiation (Durrell & Shields, 1960; Zhdanova et al., 1978; Huselton & Hill, 1990; Gauslaa & Solhaug, 2001; Tugay et al., 2006b; Dadachova et al., 2007) . This may explain why there is a greater proportion of melanized fungal species in soils subjected to long-term low levels of ionizing radiation (Zhdanova et al., 1995) .
Mycoremediation
Remediation of contaminated areas is usually approached by phytoremediation (Raskin & Ensley, 2000) . Fungi have been shown to be useful adsorbers of heavy metal and radionuclide contaminants of industrial effluents, where dead mycelia have been used as filters (Tobin et al., 1984; Singleton & Tobin, 1996) . The propensity of fungal hyphae to adsorb and absorb radionuclides may provide an alternative means to effect radionuclide cleanup. Air-lifted bioreactor systems containing live cultures of Rhizopus arrhizua (R. oryzae) and Aspergillus niger removed about 90-95% of radiothorium from solution (White & Gadd, 1990) .
Fruitbodies of ectomycorrhizal basidiomycete fungal are accumulators or hyper-accumulators of radionuclides and could be harvested in order to remove radionuclide contaminants from a site (Gray, 1998) . However, high accumulation in mushrooms poses an environmental problem in that consumption by animals or humans results in radionuclide transfer up the food chain (Watling et al., 1993; Barnett et al., 2001) , especially in a boreal coniferous ecosystem in Sweden, where they are a major component of ecosystem biomass (Guillette et al., 1994) .
Concluding remarks
Fungi appear to be very resistant to radionuclides in the environment. Part of this resistance may be the smaller amount of DNA per nucleus than mammalian cells, but evidence from comparative studies between pigment and nonpigmented fungi suggest there may be other factors that confer radioresistance. Melanin pigment may provide some protection against ionizing radiation and be integral to the absorption and retention of radionuclides (Bohac et al., 1989; Rafferty et al., 1997; Mahmoud, 2004) . Owing to the long-lived and extensive hyphal network and biomass in upper soil horizons of forest ecosystems [up to 2 ton ha À1 of hyphae (Zvyagintsev, 1987 (Zvyagintsev, , 1999 ], fungi are very efficient in absorbing radionuclides, and are an important component of long term accumulation of radionuclides (Avery, 1996; Avila & Moberg, 1999; Steinera et al., 2002) . This may be why radionuclide adsorption/desorption models do not conform to observed patterns, as mycorrhizal fungi mediate soil-to-plant transfer rates (Drissner et al., 1998) . Internal translocation of radionuclides to and hyper-accumulation into harvestable fruit bodies of macro-fungi has potential for environmental remediation but needs further evaluation (Gray, 1998) . Ectomycorrhizal association of fast growing Ponderosa and Monterey pines accumulate 6.3-8.3% of the 137 Cs and 1.5-4.5% of the 90 Sr from a rooting medium (Entry et al., 1993) , incorporating three to five times more 90 Sr than nonmycorrhizal seedlings (Entry et al., 1994) . Models of radionuclide accumulation into fungal fruitbodies predict an ecological half life of 3-8 years (Rühm et al., 1998) , but other models suggest this is a gross underestimation (Shaw et al., 2005) . Thus, there are theoretical grounds to consider plant/mycorrhizal symbioses for remediation, although field evaluation of their potential has yet to occur.
Ionizing radiation causes genetic alteration in cells and induces cell repair mechanisms. In mycelial fungi, melanin, and possibly other pigments, may be important in providing radioresistance. Melanin has also been implicated in the growth response of radiologically adapted fungal isolates (Tugay, 2006; Dadachova et al., 2007) and in the directional growth stimulation that directs fungi to sources of radioactivity (Zhdanova et al., 2004) . Dadachova et al. (2007) speculate that fungi may be somewhat autotrophic, which would allow them to be grown as a food source in space stations, gaining energy from the high levels of ionizing radiation. In these fungi are, we really looking at a new form or autotrophism?
Thus, although we have accumulated a large body of knowledge regarding the sequestration and distribution of radionuclides in fungal components of the soil ecosystem, more information and validation of existing models of fungal retention are needed. Although the use of fungi in phytoremediation is not usually considered (Raskin & Ensley, 2000) , the role of mycorrhizal fungi in soil-to-plant transfer and accumulation for phyto-or mycoremediation needs further attention (Gray, 1998; Rosén et al., 2005) .
